Introduction
The striatals (1) and striatins (2) are an unusual group of diterpenoids isolated from cultures of the bird's nest fungus Cyathus striatus (Basidiomycetes) (Hecht et al., 1978; and tropical Cyathus species (Anke and Steglich, 1988) . The least functionalized member of this group, striatal D (1d), is produced by cultures of the agaric Gerronema fibula (Anke et al., unpublished) . The striatins are artifacts, formed by extraction of the mycelia with methanol. On mild treatment with acids, they are re-converted to the corresponding striatals. Both types of compounds possess antibacterial, antifungal (Anke et al., 1977; Anke and Steglich, 1988 ) and leishmanicidal (Inchausti et al., (Anke and Steglich, 1988) . In Ehrlich ascites tumor cells the incorporation of thymidine, uridine and leucine in DNA, RNA, and proteins is completely inhibited at concentrations of 2 µg/ml. Positive results were obtained in the treatment of mice with P388 lymphocytic leukemia (Anke and Steglich, 1988) .
The striatals (1) possess a cyathane skeleton (Ayer et. al., 1978; Ayer and Browne, 1981) attached to a modified pentose moiety and are biosynthetically related to several cyathane-xyloside diterpenoids from cultures of Hericium species. The first cyathane-xyloside reported was herical (3), isolated in 1985 from H. ramosum (Bull. ex Mé rat) Let. [=H. clathroides (Pallas ex Fr.) Pers.] and H. abietis (Weir) Harrison (Schu, 1985; Schrage, 1988; Steglich et al., 1993) . Subsequently, Japanese scientists (Kawagishi et al., 1994; Kawagishi et al., 1996a; Kawagishi et al., 1996b) isolated several closely related erinacines from the mycelia of H. erinaceum (Bull. ex Fr.) Pers., including herical, which was renamed as erinacine P (Kenmoku et al., 2000) . Several of these compounds are strong stimulators of nerve growth factor synthesis, and erinacine E (4) exhibits activity as a κ opioid receptor agonist (Saito et al., 1998) .
In this publication we report on studies of the biosynthesis of striatal A (1a) and describe the production and antibiotic activity of herical (3).
Results and Discussion

Biosynthetic studies
The biosynthesis of striatal A (1a) was studied by adding [1- C-enrichment (%) = integral of labeled C signal/integral natural abundance C signal ¥ 1.1 Ð 1.1. b Assignments may be exchanged.
(0.5%) was determined in preliminary experiments. Under the conditions described in the experimental section approximately 7 mg of striatin A were produced within 16 h. In the feeding experiments with 13 C-labeled glucoses the incubation was stopped when the glucose was completely used up (2 days). From the mycelia fed with [1-13 C]-or [2-13 C]-d-glucose 18Ð24 mg of striatin A (2a) and 20Ð22 mg of striatin B (2b) were obtained after extraction and preparative TLC. The striatins were converted to the corresponding striatals by treatment in THF with a few drops of 1 n HCl (Hecht et al., 1978) .
From an integration of the normalized 13 C NMR signals the 13 C-enrichments given in Fig. 3 and Table I were determined for 1a. In the experiment with [1-13 C]-d-glucose, 12 carbon atoms of the diterpene skeleton show a 13 C-enrichment of about 6% (Fig. 3A) . As expected, the labeling pattern of the diterpene part after feeding of [2-13 C]-glucose is complementary (Fig. 3B ). These results can be explained by a degradation of glucose C]acetate, respectively, which then form the diterpene system via [2,4,6-13 C 3 ]-or [1, 3, [5] [6] [7] [8] [9] [10] [11] [12] [13] C 3 ]mevalonate. In accordance with this proposal is the high specific incorporation of 13 C in C-2 and C-1 of the respective acetate residues. The distribution of the labeled carbons in the cyathane skeleton follows from the mechanism postulated by Ayer for the biosynthesis of these diterpenoids (Ayer et al., 1978; Ayer et al., 1979 ) (see Fig. 4 , below). In agreement with this proposal, C-2Ј of the pentose unit exhibits the highest 13 C-incorporation (8.2%) after application of [2-
13 C]-d-glucose. In this experiment C-1Ј (2.4%) and to a lesser degree C-3Ј and C-5Ј (~1%) are also labeled, which can be explained by conversion of glucose into d-xylose via the pentose phosphate pathway (Fig. 4, below) . (Fig. 4) . The signal enhancements given in Table I suggest that~70% of the d-xylose are formed via glucuronic acid and~30% via the pentose phosphate cycle.
The feeding experiments with specifically 13 Clabeled glucoses, point to a pivotal role of herical (3) in striatal biosynthesis. In enediol 5, obtained from 3 by oxidation at C-2Ј or C-3Ј, the functional groups are well placed to form the C-C-bond between the diterpene and sugar part through S N 2Ј-displacement of acetate by the enediol moiety. The resulting striatal D (1d) is then acetylated to striatal A (1a). To prove this idea experimentally, 14 Clabeled herical was produced by the "resting cell" technique by feeding [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]glucose to cultures of H. ramosum. The 14 C-labeled 3 was purified by chromatography (8 mg, 337 Bq) and then applied to resting cells of C. striatus in a 0.5% solution of glucose. The fraction of striatins A (2a) and B (2b) (20 mg, 78 Bq), isolated from the mycelium after 43 h by extraction with MeOH and TLC exhibited 23.5% of the original radioactivity. In the TLCanalyzer radioactivity could only be detected in the striatin-containing bands.
Since herical (3) contains d-xylose (Schrage, 1988) and the relative configuration of striatin A (2a) is known from an X-ray crystal structure analysis (Hecht et al., 1978) , the conversion of 3 in 2a defines the absolute configuration of the striatins and striatals as given in the formulas.
Production and biological activity of herical
Herical (3) was produced by fermentation of Hericium ramosum as described in the Experimental Section. Antibiotic production started three days after inoculation and paralleled mycelial growth until the glucose in the medium was used up (10th day). Herical was isolated from the culture fluid and the mycelia as described in the Experimental Section. Compared to the striatins/ striatals the yields (1 mg/l) are much lower (Anke et al., 1977) . Besides herical, several other minor compounds with antibiotic activity could be detected in the crude extracts.
When grown in 150 ml batches in Erlenmeyer flasks on a rotary shaker with 150 rpm at 22 ∞C in BAF1 medium H. abietinis was also found to produce herical in amounts comparable to H. ramosum.
The antifungal activity of herical (3) in the plate diffusion assay is shown in Table II . At 100 µg/disc all tested fungi were inhibited by the antibiotic, Mucorales appearing to be most sensitive. The antifungal activities of 3 are comparable to those of the striatals (1) and striatins (2) (Anke et al., 1977 (Anke et al., , 1986 . Among the bacteria tested in a serial dilution test Gram-positive bacteria were most sensitive (Table III) . The spectrum of activity is very similar to that of the striatins while the minimal inhibitory concentrations of 3 are generally somewhat higher.
The cytotoxic activity of herical is shown in Table IV. Pronounced effects on the different cells could be observed after 24 h of incubation. Balb/ 3T3 cells showed the highest sensitivity against herical, whereas cells of the ascitic form of Ehrlich carcinoma were not or only weakly affected up to concentrations of 20 µg/ml.
In ECA cells herical inhibits DNA, RNA, and protein syntheses by interfering strongly with the uptake of the appropriate radioactive precursors (Table V) leading to a reduced incorporation into the macromolecules. Very similar effects are exhibited by the striatals and striatins which interfere with the uptake of other precursors as well (Lee and Anke 1979) .
Herical (3) exhibits hemolytic properties on porcine erythrocytes when tested according to Kupka et al. (1979) . At 50 µg/ml more than 50% of the porcine erythrocytes were hemolysed. These findings together with the inhibition of the uptake of the precursors of DNA, RNA and proteins, suggest an interference with the cytoplasmatic membrane of the cells.
Experimental
General NMR: Bruker WM-400 spectrometer ( 1 H at 400,
13
C at 100.6 MHz), chemical shifts in δ rel. to CDCl 3 (δ H 7.26, δ C 77.7) as internal standard. MS: AEI MS 50 instrument using EI at 70 eV.
Hericium ramosum, H. abietis, and Cyathus striatus
Hericium ramosum strain 8377 was derived from the spore print of a fruit body, collected in the Great Smoky Mountains (USA). H. abietis CBS 243.48 was purchased from the Centraalbureau voor Schimmelcultures, Baarn, The Netherlands. Both fungi were maintained in a yeast extract Ð malt extract Ð glucose (YMG) medium containing (g/l): yeast extract 4; malt extract 10; glucose 4; 20 g/l of agar. Cyathus striatus was cultivated from fruit bodies collected near Bad Königs-hofen, Bavaria.
Fermentation and isolation of herical (3)
H. ramosum 8327 was grown in a medium (BAF1) composed of (g/l): Maltose 20, glucose 10, peptone 2, yeast extract 0.2, KH 2 PO 4 0.5, MgSO 4 ¥ 7 H 2 O 1, FeCl 3 0.01, ZnSO 4 0.001, CaCl 2 0.068 and (µg/ml): thiaminium dichloride 50, biotin 1, folic acid 100, myo-inositol 50. For fermentation 20 l of medium in a Biolafitte C-6 fermenter were inoculated with 200 ml of a well grown culture and grown with stirring (200 rpm) and aeration (2 l/ min) at 23 ∞C. Antibiotic production was followed using the paper disc/agar diffusion assay with Bacillus brevis as test organism. After 10 days, the mycelia (24 g wet weight) were separated from the culture fluid by filtration and extracted with 600 ml of MeOH. Chromatography of the crude extract (795 mg) on silica gel (Merck 60; column 20 ¥ 2.1 cm, CH 2 Cl 2 -MeOH, 98:2 v/v) yielded 66 mg, which were purified by chromatography on Sephadex LH-20 (column 200 ¥ 1.5 cm, eluent MeOH) to afford 26.5 mg of impure 3. Preparative HPLC (Lichrosorb RP-8, 25 ¥ 2.5 cm; MeOH-H 2 O, 8:2 v/v) yielded 11 mg of herical (3). The culture fluid (19 l) was extracted with EtOAc (4 ¥ 2 l). After evaporation of the solvent, the crude extract (1.8 g) was purified as described above to yield 9 mg of 3.
Feeding experiments
Cyathus striatus 7770 was grown in YMG medium composed of (g/l): Glucose 4, malt extract 10, yeast extract 4, pH 5.5. Fermentations were carried out in Biolafitte C-6 fermenters containing 20 l of YMG medium with stirring (230 rpm) and aeration (3.3 l/min) at 25 ∞C. 200 ml of a well grown culture in the same medium served as inoculum. For the feeding experiments using 14 C-or 13 C-labeled precursors, 150 ml of the culture was removed from the fermentation just at the onset of striatal production (detection by TLC or HPLC). The mycelia were collected on a Büchner funnel, washed with water and re-suspended in 100 ml of a solution containing 500 mg [1-
C-herical (337 Bq) together with 500 mg unlabeled glucose. These resting cell cultures were incubated in 500 ml Erlenmeyer flasks at 24 ∞C and 110 rpm on a New Brunswick rotary shaker. After 16Ð48 h, the mycelia were separated from the culture fluid by filtration, washed with water and extracted with MeOH (2 ¥ 100 ml). The combined extracts were concentrated in a rotary evaporator and the striatins separated by preparative TLC [Alugram silica gel TLC plates; toluene-acetoneacetic acid, 70:30:1 v/v]. The bands containing the striatins were extracted with MeOH and treated with 1n HCl in THF to yield the corresponding striatals for NMR analysis. The 14 C-labeled striatins derived from [ 14 C]herical were located by a TLC-analyzer (Berthold), and the radioactivity incorporated into the striatins A and B was determined in a liquid scintillation counter. 14 C-labeled herical was obtained by incubation of the mycelia of 150 ml batches taken from fermentation of H. ramosum at the onset of antibiotic production. After re-suspension and incubation of the mycelia in 100 ml of a solution of 300 mg [2-14 C]-glucose (248 Bq/mg) for 46.5 h as described above, the labeled herical was isolated from the culture fluid and mycelia by extraction with EtOAc and MeOH, respectively. The extracts were purified by preparative TLC (Alugram Sil G/ UV 254 , Macherey & Nagel; toluene-acetone-acetic acid, 70:30:1 v/v). Column chromatography on Sephadex LH-20 (MeOH) yielded 8 mg of herical (3) (42 Bq/mg) from two batches. (18) 
Antimicrobial activity of herical
The antifungal and antibacterial activities in the conventional paper disc/agar diffusion and the se-rial dilution assay were measured as described previously (Anke et al., 1977) .
Cell culture and cytotoxicity testing of herical
Ehrlich ascites tumor (ECA) cells and L-1210 cells ATCC CCL 219 were grown in suspension culture in F-12 medium containing 20% respectively 15% of horse serum and 0.12% NaHCO 3 . Balb 3T3 cells clone A31 ATCC CCL 163 and Maloney murine sarcoma virus transformed Balb 3T3 cells ATCC CCL 163.2 were grown in Dulbecco's modified Eagle's medium containing 10% of fetal calf serum and 0.1 mm glutamine. KB cells ATCC CCL 17 were grown in MEM-Earle medium containing 10% of fetal calf serum and HeLa S3 cells ATCC CCL 2.2 were grown in F-12 medium containing 10% of fetal calf serum and 0.12% NaHCO 3 . All media contained 65 µg/ml of penicillin and 100 µg/ml of streptomycin. Except for the ECA cells all cultures were incubated in a humidified atmosphere containing 5% of CO 2 . The incubation temperature for all cultures was 37 ∞C. Cytotoxicity was tested in microtiter plates (Falcon) with 200 µl of medium containing 10 6 cells/ml. At suitable intervals, usually 24 and 48 h, the cells were examined under the microscope either directly or after staining with trypan blue.
